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Concentration-dependent bimodal size distributions (comprised of single-molecule particles
and multimolecule clusters) observed by microscopic examination of particles collected during
electrospray (ES) of dilute solutions of high molecular weight polymers suggest that chain
entanglement can interfere with the droplet subdivisions believed to be intrinsic to the
electrospray process. The feasibility of such interference is discussed in the context of the spray
model of Kebarle, along with its potential impact on the ES mass spectrometry of macromol-
ecules. (J Am Soc Mass Spectrom 1998, 9, 299–304) © 1998 American Society for Mass
Spectrometry
In a recent study [1], we discussed the use of elec-trospray (ES) for generation of isolated single-mol-ecule particles and few-molecule clusters from syn-
thetic polymers. Such nanoparticles are of interest in the
polymer community both for theoretical studies of
chain entanglement [2] and for their potential applica-
tions as tracers, size standards, and/or exploiting their
unusual physical properties. Although polymer mole-
cules can be isolated from one another relatively easily
in dilute solutions, generation of isolated nanoparticles
free from solvent matrix effects is extremely challeng-
ing; intermolecular entanglements will occur as concen-
trations increase during solvent evaporation from bulk
polymer solutions. Electrospray (ES) is an attractive
approach to isolating molecules, in part because mass
spectrometric detection can provide prima facie evidence
for isolation of macromolecular ions in the gas phase. In
[1], dry nanoparticles were obtained by directing an ES
source toward flat, clean, smooth targets. Microscopic
examination of the targets by scanning electron micros-
copy (SEM) and atomic forces microscopy (AFM) con-
firmed the generation of dry single-molecule particles,
but also revealed a surprising bimodal particle size
distribution resulting from the ES process (Figure 1). It
was surmised that the large-particle component of the
bimodal distribution reflected an inhibition of the drop-
let fission process due to chain entanglement. Such
inhibition could interfere with ES mass spectrometry
(MS) of macromolecules; there are suggestions in the
literature that good ES mass spectra can only be
achieved when the nascent sprayed droplet contains
only a single analyte molecule [3], but there has been
relatively little discussion of the feasibility of achieving
such a droplet with molecules large enough that chain
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entanglements can be expected. If active, entanglement-
induced inhibition of droplet fission would impose
hitherto unconsidered limitations on sample concentra-
tions pertinent only to solutions of macromolecular
analytes. In this article, we re-examine the data of [1],
considering specifically whether a role for entangle-
ments can be incorporated into the mechanistic ES
models [4–8] which have focussed primarily on low-
mass solutes [4]. Practical implications for evolving
applications of ES mass spectrometry to materials of
very high molecular weight (e.g., [9, 10]) are considered.
Polystyrene (PS) was selected for these studies for
several reasons. First and foremost, the solution chem-
istry of this polymer has been studied extensively;
although details of the entanglement behavior are still
debated, the chemistry of PS is better characterized than
that of most other polymers. Second, relatively well-
characterized samples of this material with small poly-
dispersity are readily available commercially. Third,
atactic samples are amorphous (noncrystalline), remov-
ing some potential complications from the interpreta-
tion of the micrographs. Fourth, the polymer is not
likely to be highly charged in ordinary solutions. Al-
though an impediment to mass spectrometry, electro-
neutrality allows assessment of the role of entanglement
with little complication from coulombic interactions (an
important subject for future study). Finally, despite the
impediment posed by low charge, PS has been exam-
ined successfully by ES mass spectrometry. In fact,
Dole’s first experiments with ES mass spectrometry [11]
attempted to characterize high-molecular weight PS
samples. Dole subsequently reinterpreted and extended
those results in an ion drift study, wherein the data
were interpreted in terms of clusters of high-mass (up to
Mn 200,000) PS [12]. More recently, Jennings et al. [13]
and Nielen [14] reported successful ES mass spectrom-
etry of low-mass (up to Mn 5050) cationized PS using
relatively high salt and polymer concentrations. The
work described below addresses the potential contribu-
tion of entanglement to the clustering reported by Dole
and the low sensitivity implicit in the later reports.
Experimental
The apparatus used to collect electrosprayed particles
for microscopic evaluation has been described previ-
ously [1]. Briefly, solutions were pumped at 2.6 mL/min
from a 500 mL glass syringe using a Harvard model
600-000 syringe pump. A sharpened stainless steel
capillary with an inner diameter of 0.17 mm served as
the electrospray emitter, which was positively biased
(8–10 kV) using a Spellman High Voltage model
RHSR15PN60 dc power supply. The spray current
(typically less than 1 mA) was monitored with a Simp-
son microammeter wired in series with the counterelec-
trode, which was an 8 3 8 cm stainless steel metal plate
maintained at ground potential. The emitter-to-counter-
electrode distance was set to roughly 4 cm, providing
drift times on the order of several milliseconds [15].
This was sufficient for complete evaporation of electro-
sprayed droplets of a volatile solvent like chloroform
[16], thus avoiding entanglements after sample deposi-
tion on the counterelectrode. Small (5 3 5 3 0.5 mm)
graphite (highly oriented pyrolytic graphite with mm-
sized domains of single crystal surfaces) or mica (Dig-
ital Instruments) pieces were placed as targets on the
counterelectrode for subsequent microscopic investiga-
tions. The targets were freshly cleaved before each
experiment and were mounted with a small ('1 mm
wide) strip of double-sided adhesive tape applied at
one edge of the target. A grounded metal plate parallel
to the counterelectrode served as a shutter between the
spray tip and counterelectrode, allowing control of the
spray time. “Open shutter” times ranged between 4 and
10 min, chosen so as to deposit enough material for
microscopic investigations, while depositing less than
1% of a monolayer (based on a polymer particle diam-
eter of ;1025 mm and assuming uniform distribution
over a 70° spray cone). This provides the 100-fold
margin required (Poisson statistics) to assure negligible
overlap on-target.
Sprayed targets were stored in closed petri dishes (to
avoid dust contamination) at ambient temperature until
microscopic investigation. Samples were examined
within roughly a week of preparation, using a Digital
Instruments Nanoscope III atomic force microscope
(AFM) and/or a Hitachi S-4500 scanning electron mi-
croscope (SEM). Several samples were kept for months
and then re-investigated to check their stability; no
differences were observable.
Atactic polystyrene (PS) with weight-average molec-
ular weight (Mw) of 330,000 and polydispersity of 1.26
was obtained from Polymer Laboratories. From the
polydispersity, the range of molecular weights of indi-
vidual oligomers can be estimated to span roughly
330 6 133 kDa (assuming a normal distribution). Even
the smallest of these oligomers would be expected to
possess chains long enough to experience intermolecu-
lar entanglements above the critical overlap concentra-
tion (C*). Concentrations (3 3 1026–1 3 1024 wt%; 1
wt% corresponds to roughly 4.6 3 1025 M for a solute
of this nominal molecular weight in chloroform) were
generally below all reported C* values for this size PS
[17], assuring no chain entanglement in solution prior to
spraying. Chloroform (reagent grade from Fisher Scien-
tific) was selected as solvent (no added electrolyte),
because it is a good solvent for PS and has relatively
high vapor pressure, resulting in fast evaporation. In
addition, the relatively high ionization potential of
chloroform (11.37 eV) should reduce or prevent contri-
butions from electrochemical oxidation of the solvent
during electrospray. For a few solutions of higher
concentration (2.3 3 1023–1 3 1021 wt%), benzene was
used as solvent (following the early work of Dole [11]).
All chemicals were used as received.
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Results and Discussion
Figure 1 reproduces the particle size (diameter) distri-
butions reported in [1] resulting from ES of chloroform
solutions of polystyrene of the indicated concentrations.
From the AFM micrographs it was possible to discern
that the particles were roughly hemispherical, thus
allowing estimation of their volume, their mass (assum-
ing that particle density (r) matches that of the bulk, or
about 1.08 g/cm3 [18, 19]), and the number of molecules
contained [1]. The smallest particles in Figure 1 (diam-
eter ;18 nm) were estimated to contain at most three
molecules; based on other considerations, they were
ascribed to single-molecule particles [1].
From the point of view of ES mechanisms, the larger
particles in Figure 1 are more interesting. These must
clearly contain multiple molecules. For example, those
with an average diameter of 95 nm (the average of the
large particles in Figure 1a) consist of around 400
polymer molecules. For the 1 3 1024 wt% polymer
solution of Figure 1a, a chloroform droplet containing
these 400 molecules would have a radius of about 3.3
mm (rChloroform ;1.492 g/cm
3). Such a radius is consis-
tent with literature estimates of the initial size of elec-
trosprayed droplets prior to evaporation or subdivision
[6, 20]. This suggests that the larger particles originate
from evaporation of initial droplets without undergoing
a large number of fission processes. To explain this
finding, the general model for the electrospray process
can be modified for the special case of a high molecular
weight polymer solute.
Consider a chloroform droplet containing 400 poly-
mer molecules at 1024 wt%. If all the charge in this
droplet comes from the electrospray process (as it
should for spraying a solution of polystyrene in chlo-
roform), a droplet this size would initially contain about
2.6 3 10214 C of charge (z ; 1.6 3 105, or about 35%
of the Rayleigh stability limit [7], as estimated by
substituting a 3.3 mm radius and the surface tension of
Figure 1. Particle size distributions and averages (^d&) from SEM micrographs of graphite targets
sprayed for 5 min at 8 kV with different concentrations of polystyrene (Mw 5 330,000) in chloroform.
The right average applies to the large particles (white bars) and the left average to the small particles
(black bars). Uncertainties represent the standard deviation from measurements of 20 different areas
from a single target. Reprinted from [1] with permission. Copyright 1997 American Chemical Society.
(a) 1 3 1024 wt%, (b) 1 3 1025 wt%, (c) 3 3 1026 wt%.
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chloroform (0.0274 N/m2) into the Rayleigh equation
[4]). A droplet with this charge will evaporate to a
radius of about 1.6 mm (R90) before the first fission.
Based on the droplet subdivision model (wherein a
“Rayleigh explosion” concentrates 15% of the droplet
charge in ;20 small “offspring” droplets comprising
just 2% of the mass) [4, 6, 7, 20, 21], the small offspring
droplets formed in the first fission process would
contain on average three polymer molecules if all the
charge is evenly distributed on the polymer chains (15%
of 400 molecules, divided amongst 20 offspring). If, on
the other hand, the charge is not associated with the
polymer, there would only be eight molecules (2% of
400 molecules) divided amongst 20 offspring (because
the subdivision ejects only 2% of the mass). These
numbers are obviously quite rough, but it seems rea-
sonable to assume that offspring droplets will accom-
modate between zero and three polymer molecules.
Depending on their actual size, charge, and number of
polymer molecules, these offspring may undergo fur-
ther fission processes, and can ultimately provide dry
single-molecule polymer ions. These are believed to
account for most of the small particles observed.
What is the fate of the large residual drop? To
address this question, it is necessary to consider the
evolution of the polymer concentration Cp during drop-
let subdivision. Two cases must be considered. If the
charge in the droplet resides on the polymer, a signifi-
cant fraction of the polymer (15%) will be lost to the
small offspring droplets, so Cp in the residual droplet
will be smaller after fission than before (polymer mass
decreases 15% while volume decreases only 2%). How-
ever, as solvent evaporation continues, Cp will recover,
because there is no loss of polymer due to evaporation.
In fact, because the critical charge density for Rayleigh
subdivision is inversely proportional to droplet size [4],
Cp for a subsequent subdivisions will be higher than for
the first. In other words, further subdivisions require a
net increase in polymer concentration if the polymer
carries the charge. If the polymer is not a charge carrier,
the model predicts that only about 2% of the polymer
mass is partitioned to offspring after fission. To meet
the requirement for higher charge density at the onset
of a subsequent subdivision, the volume decrease by
evaporation must more than offset the ;15% charge
lost to the first offspring droplets. Thus again, volume
will decrease more than polymer mass and Cp will be
higher at the onset of subsequent subdivisions. Regard-
less of the charge locale, the residual droplets will experi-
ence increasing polymer concentrations. If Cp eventu-
ally reaches the critical concentration for chain overlap
(C*), disentanglement is not possible; the energy of the
fission process is not sufficient to separate the entangled
coils [2]. There will effectively be an increase in viscos-
ity, preventing further fission. The residual droplet will
simply drift toward the counter electrode and dry out
due to evaporation.
To assess whether such a circumstance is likely to
occur, it is necessary to consider the likely magnitude of
C* and the time course of polymer concentration.
Although estimates of C* vary, a conservative (i.e.,
high) value is roughly 0.1 wt% for polystyrene of this
molecular weight [17, 22]. A 3.3 mm droplet with Cp of
1024 wt% (400 polymer molecules) would have to
shrink to ;0.33 mm (the critical radius of entanglement,
R*) to reach this concentration. This is probably a
maximum; polymer losses during fissions would de-
crease R* for the residual droplet. The critical charge QR
for Rayleigh subdivision scales as the 3/2 power of R
[4], so by the time the droplet shrinks to R*, QR will
have fallen to just over 9% of its initial value (QR 5
Q0(R*/R90)
3/2 ;0.090 Q0). Using Kebarle’s estimate
that each subdivision removes about 15% of the charge
[4], roughly 15 subdivisions will have taken place
before the large residual drop reaches C* (0.8515
'0.090). This is, of course, only a rough estimate. If C*
were on the order of 0.01 wt% (not unreasonably low),
reaching it would require just 8 steps. Neglect of
polymer losses at each subdivision should not have a
large effect, provided that the polymer is not the major
charge carrier; if Kebarle’s estimate of 2% mass loss per
Rayleigh subdivision is correct, (0.98)15 ;74% of the
polymer would remain after 15 subdivisions (85% after
8). We therefore believe that ;10 subdivisions is the
right order of magnitude, and that concentration will
certainly approach C* before the residual droplet size
approaches the size of the small offspring.
The resulting increase in effective viscosity consti-
tutes a critical distinction from the case with low-mass
analytes where entanglement does not come into play.
With low-molecular-mass solutes the number of fission
steps is ultimately limited by the evaporation of the
solvent; a dry particle can undergo no further disinte-
gration processes. In these systems, more than 30 fission
steps are possible [4], providing more than 30 genera-
tions of offspring droplets, and ensuring that even the
ultimate “parent droplet” is quite small. An abundance
of single-molecule ions results, accounting in part for
the high efficiency of ES mass spectrometry. In contrast,
for a high Mw polymer the onset of entanglements
limits the number of disintegrations. There may still be
abundant solvent at the onset of entanglement (several
thousand to ten thousand times more solvent than
polymer), but further separation of the polymer mole-
cules is not possible because of the entanglements. Even
at relatively low initial concentrations, entanglements
of high molecular weight polymers may occur early in
the process, so that only a very limited number of
fission processes is possible. A few single-chain parti-
cles may result from these fissions, but much of the
polymer is trapped in the large residual drop once the
critical overlap concentration is reached. This can ac-
count for the bimodal particle size distributions in
Figure 1.
Consistent with the expectations of the subdivision
model (as modified now to account for entanglement
effects), the size of the small particles in the distributions
of Figure 1 is essentially invariant; these particles are
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derived from single molecules contained in small off-
spring created in subdivisions prior to entanglement. In
contrast, the average size of the large particles shows a
strong concentration dependence (Figure 2). With
higher concentration, the number of polymer molecules
in an initial droplet increases, but the initial droplet size
remains roughly constant [4]. If this higher initial poly-
mer content were the only effect active, the double
logarithmic plot of Figure 2 would have a slope of 1/3;
doubling the initial concentration would double the
number of polymer molecules, thereby doubling the
volume of the formed nanoparticle, and increasing its
diameter by a factor of 21/3. The fact that the experi-
mental slope is slightly larger (0.38 instead of 0.33)
reflects the additional influence of the concentration
dependence of the number of fissions prior to reaching
C*. A sample with lower initial concentration will
undergo more fission steps before the onset of entan-
glement, leading to a decrease in the polymer content of
the residual droplet once entanglement occurs, and a
droplet diameter smaller than predicted, based just on
the initial number of polymer molecules. At very low
concentrations (Figure 1c), the bimodal distribution
collapses to form one broad maximum with an average
diameter of 29 nm. In this case, generation of big
particles is not possible because the nascent droplets at
the capillary tip contain only a few tens of polymer
molecules, all of which can be accommodated in single-
chain particles formed by Rayleigh subdivisions. (Con-
centrations lower than 1026 wt% were examined, but
did not provide useful distributions because the num-
ber of particles deposited on the target in a reasonable
spray period was too low to be detected; this consti-
tuted an important control experiment to confirm that
the particles detected were polymer related.)
If the initial concentration is sufficient, entanglement
may precede (and therefore prevent) any subdivisions.
Micrographs (not shown) obtained from a series of
polystyrene solutions in benzene (concentrations 2.3 3
1023, 1 3 1022, and 1 3 1021 wt%) were consistent with
this hypothesis. Particle sizes on the order of those in
Figure 1 were detected only for the most dilute benzene
solution; only large particles (aggregates up to ;10 mm)
were visible for the others.
Conclusions
The size of polymer particles isolated from an electro-
spray source suggests an important role for chain
entanglements in limiting the particle subdivision pro-
cess. The effect will clearly depend sensitively on the
details of the system under study. For example, molec-
ular conformations (and therefore entanglement cross
sections) depend on the degree of solvation and charge,
which in turn may depend on parameters like the
solution pH (as well as the identities of the analyte and
solvent). Significantly, for long-chain molecules (i.e.,
those long enough for multiple entanglement), entan-
glement is roughly independent of molecular weight at
a given weight% concentration. Incorporation of
roughly 300 monomers (or other molecular moieties
capable of independent motion about the polymer
backbone; for PS, the threshold value may be as low as
125 [23]) is sometimes considered a threshold; below
this value, entanglement may be considered to be
negligible. Once C* is reached, entanglement across the
entire ensemble of molecules in solution quickly becomes
extensive. Detection of the resulting clusters may there-
fore be limited by the mass (or mass-to-charge) range of
the spectrometer, but evidence for chain entanglement
may be inferred from decreasing sensitivity at higher
concentrations (an effect that is often observed and can
also be attributed at least in part to competition for
available charge [4]). For very heavy analytes, C* (e.g.,
0.1 wt%) may correspond to such a low molar concen-
tration that unentangled molecules may be undetect-
able at any concentration. Finally, ion charge may also
be an issue in some cases; entanglement of highly
charged macromolecules may be impeded by coulom-
bic repulsions. This may in fact limit the effects of
entanglement on (potentially ionic) biomacromolecules.
Further studies will address this issue.
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